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Abstract 
The reference pyrochemistry process studied by the DRCP is based on an actinide reductive extraction in fluoride media. 
At the front end of the process, a hydrofluorination step is needed in order to convert the oxides present in irradiated fuel into 
fluorides. This hydrofluorination is carried out with HF gas at 350-500°C. Very few experimental facilities, hot cells, or 
glove-boxes are equipped with operational HF gas lines: the building and commissioning of such HF lines is very complicated 
and expensive. This experimental device offers an alternative, enabling hydrofluorination of small samples (|5g) of oxide 
fission product (FP) elements through a chemical reaction involving "in situ" HF gas generation. A specific gas line would no 
longer be required, and the hydrofluorination reaction could therefore be carried out in conventional hot cells or glove-boxes.
Ten inactive runs were carried out without any particular problem; there were no gas leaks and no temperature control issues. 
More than seventeen FP samples were tested. The reliability of the hydrofluorination set-up through a chemical reaction 
involving "in situ" HF gas generation has been demonstrated, and therefore this set-up could be implemented in a hot cell. 
© 2012 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of the Chairman of the ATALANTE 2012 Program 
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1. Introduction 
This experimental study tests an alternative, enabling hydrofluorination through a chemical reaction involving "in 
situ" HF gas generation, so that a specific gas line would no longer be required. The hydrofluorination reaction 
could therefore be carried out in conventional hot cells or glove boxes. 
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The HF gas is generated by a solid reactive HKF2, at about 200-350°C. The following chemical reaction 
occurs: 
HKF2(s) Î HF(g) + KF(s) 
HKF2 is a reactive solid, stable at room temperature. The initial quantity of reactant will limit the potential 
volume of generated HF gas. This may be a positive point regarding safety issues. 
The HF generation and the hydrofluorination reactions were tested and studied on different inactive fission 
product oxides - La, Ce, Pr, Nd, Mo, Ru, Rh, Sm, Eu, Pr, Zr, Sr, Ag, Y. The main objectives of the experimental 
programme were : 
x determining the best HF reaction conditions (temperature ramp, temperature in HF generation zone and in 
hydrofluorination zone, inert gas flow, experimental feedback in the view of implementation in an hot cell), 
x assessing the behaviour of the different oxides under HF gas flow, their fluorination rate, and a final product 
identification. 
2. Thermodynamic assessments 
First, some thermodynamic calculations were carried out, using HSC Chemistry version 4.1 to assess the 
Gibbs free energy of fluoride formation from the oxide form with HF. These results helped to determine the 
optimum temperature range for the experiments. 
The results of the calculations are summarized in Figure 1, which plots the Gibbs free energy ('G) of the 
reactions versus the temperature. All 'G values are normalized to one mole of HF. 
As far as gas/solid reaction is concerned, a higher specific surface of the solid and a higher temperature should 
favour the kinetic, but the thermodynamic assessments show that the temperature acts in the opposite direction. 
For the lanthanide oxides, temperatures ranging from 400°C to 500°C seem favourable to reach sufficiently 
negative 'G and probably fast kinetics. 
Concerning zirconium oxide, the favourable temperature range is lower, rather from 300°C to 320°C.  

-2 00,0
-1 50,0
-1 00,0
-5 0,0
0,0
50,0
100,0
0 100 200 300 400 500 600 700 800 900 1000
D
el
ta
 G
 (
K
J/
m
ol
 H
F)
Temperature °C
GIBBS free energy of hydrofluorination reaction normalized to 1 HF mole
Nd2O3
Pr2O3
Rh2O3
Eu2O3
Y2O3
La2O3
Sm2O3
MoO3
RuO2
ZrO2
CeO2
SrO
AgO
lanthanides
Platinoides
ZrO2
Figure 1: 'G hydrofluorination reactions = f(T°) 
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3. Experiment
The furnace Figure 2 should provide three temperature zones: the first dedicated to HF generation (T=200-
350°C) (Zone 1), the second to the fluorination reaction (T=350-500°C) (zone 2), and the last to the trapping of 
excess HF in KF (T| 100°C) (zone 3). 
The reactor design is both simple and robust. Basically, it is a Monel 400 (NiCu30Fe) tubeI=60.3mm, 
L=570mm thickness=2.5mm with four nozzles I=11mm, two on the right end and two on the left end of the 
reactor. Each nozzle is equipped with GL 14b caps. These caps are made of polybutyleneterephthalate, and the 
gasket is in silicon with a PTFE liner on the reactor side One couple of these nozzles is used for argon inlet (right 
side) and off gas (left side), while the other nozzles are used for thermocouples. The thermocouples are placed in 
6x4 Monel 400 thermowell. 
The three crucibles are supported by a sliding skip equipped with locating holes, enabling an accurate position 
of the crucibles (which are fitted with locating pins) depending on the temperature gradient. Some pure nickel 
boats (made from a nickel sheet) are used to hold the different FP oxides. These boats are placed in the Monel 
crucible in zone 2. 
The reactor venting is designed to prevent any HF gas release into the glovebox ventilation. Three traps are 
placed between the reactor HF atmosphere and the glovebox ventilation. 
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Figure 2: Hydrofluorination experimental set up - general view 
4. Results 
Twenty-six oxide hydrofluorination experiments grouped in ten runs were carried out with our 
hydrofluorination set-up. 
The first campaign investigated the hydrofluorination of various fission product (FP) oxides (La, Ce, Pr, Nd, 
Mo, Ru, Rh, Sm, Eu, Pr, Zr, Sr, Ag, Y), and enabled us to verify that the great majority of the FP oxides that 
should be fluorinated according to thermodynamic calculation were effectively transformed into fluorides. 
MoO3, RuO2, Rh2O3 and AgO were tested. In agreement with thermodynamic calculations, the oxides 
remained unfluorinated by HF. AgO, which is not stable at high temperature, was reduced to metallic Ag. 
b GL 14: screw cap for laboratory glass bottles 14mm diameter 
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If ZrO2 is excluded, all the oxides for which fluorination was predicted by thermodynamic calculations were 
indeed fluorinated.  
In some cases (Pr2O3, La2O3, Eu2O3), the X-ray analyses showed evidence of the presence of some oxyfluoride 
compounds. The temperature could have an effect on oxyfluoride formation; hydrofluorinations done on the 
same oxides, at 450°C and 330°C show that a lower temperature seems favour oxyfluoride formation . This point 
should be investigated in the future.  
The specific surface of Nd2O3 powder was measured by BET
c, and ranged from 7.8 to 8.9 m2/g. 
Second campaign. During the first experiments, it was not possible to fluorinate commercial zirconium oxide 
and only a partial fluorination of "nanopowder" particles of zirconium oxide was obtained in our previous 
experimentations.  
Zirconium is a problematic fission product, due to its abundance and its specific behavior in our 
pyrometallurgical reprocessing flowsheet. It partially follows TRU elements during reductive extraction. One 
way to eliminate this FP could be to implement a thermal treatment that should volatilize the ZrF4 after the 
fluorination step. 
Above 900°C, ZrF4 is supposed to be volatilized. This point was confirmed within this study by 
thermogravimetry measurement.  
This route to separate zirconium in the process needs all zirconium to be fluorinated in ZrF4. Therefore special 
attention was paid to zirconium oxide hydrofluorination. Five runs were carried out with ZrO2.
After the hydrofluorination runs, the results obtained were assessed qualitatively by X Ray analysis. The 
reaction yields were measured by thermogravimetry (TG) measurements which were carried out on the 
ZrO2+ZrF4 powder obtained by hydrofluorination. By volatizing ZrF4 at over 900°C, TG allowed the 
determination of the mass of the remaining unfluorinated ZrO2.
During the first run, (6h at 450°C), the commercial Aldrich ZrO2, was not fluorinated. This negative result was 
confirmed by a second run with the same experimental conditions and which gave the same negative result. 
A third run was carried out using three different zirconium oxides: commercial Aldrich ZrO2, a non 
commercial zirconium (oxide:porous zirconium oxide pellets) and a "nanopowder" <50 nm particle size 
zirconium oxide powder.  
The temperature reaction was decreased to 350°C, to be in a more favourable zone for the thermodynamic (see 
Figure 1), while the duration was kept at 6 hours. 
Aldrich powder and porous pellet zirconium oxides did not show any mass increase after hydrofluorination, 
while "nanopowder" did. The X-ray analyses confirmed that only "nanopowder" ZrO2 had been partially 
fluorinated. Thermogravimetry analysis indicated that about 25% of the initial zirconium mass was fluorinated. 
The granulometry of the Aldrich ZrO2 used for the experiments is not specified by Aldrich, so its specific 
surface was measured by BET method on two different samples: 2.5 m2/g and 4.6 m2/g. The specific surface of 
the "nanopowder" ZrO2 was measured by BET: 21.6 m2/g.that is to say 5 to 10 time more that the first ZrO2 used 
for the experiments. 
This third run showed the major importance of the specific surface, and thus of kinetic, on the reaction yield. 
The temperature seems to play a less important role than the specific surface. In this third experiment, the low 
specific surface sample remained unfluorinated even if the reaction temperature was decreased to 350°C. 
Comments: one drawback of our hydrofluorination set-up is that the quantity of HF used for each batch is 
limited. At the beginning of each run, the HF is released by HKF2, and then we do not really control the contact 
time between HF and the oxide sample. The last experiment was therefore devised to increase this duration and 
assess the impact of this parameter on the yield duration. 
c BET: Brunawer, Emmett, Teller method for measuring specific surfaces. 
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For the fourth experiment  
A last series of experiments with three batches (4.1, 4.2 and 4.3) was carried out in order to check the impact 
of the parameter "contact duration compared with the specific surface" of the zirconium powder oxide. 
A ZrO2 sample (S=4.6 m
2/g) was placed in the reactor and sustained three successive hydrofluorination runs, 
the duration of each run being 4h. Between each run, powder samples were taken and immediately analyzed by 
TG, in order to avoid ZrF4 hydrolysis in ZrO2 by air atmosphere. At the same time, the remaining oxide powder 
in the skip was homogenized (up down) in order to renew the reactive surface, and a new run was initiated on the 
same oxide powder.  
Comment: During this series of three runs no KF trap was used to avoid HF losses, so we retrieved the KF 
boat as the second HKF2 boat. 
The temperature of the first two runs (4.1, 4.2) was set at 450°C. For the third, and last, run, a second crucible 
containing zirconium oxide nanopowder (S=21.6 m2/g) was added in the reactor. For this run (4.3) the nominal 
temperature was set at 335°C. 
At the end of the third run (4.3), the "low" specific surface ZrO2 which remained unfluorinated during the two 
first runs (8h gas solid contact cumulated at 450°C) showed a very small fluorination yield of about 2-3%. The 
"high" specific surface ZrO2 was fluorinated during the 4h duration third run, giving a fluorination yield of 15% 
which is consistent with the yield of 25% obtained previously after a 6h run. The yields obtained seem to be more 
or less linear depending on the gas/solid contact time.  
All these results are consistent: i/ they confirmed the role of the oxide powder specific surface which seems to 
be a key point, ii/ they showed that the gas solid contact time also has an impact, but of less importance, iii/ they 
confirm that a lower temperature (350°C compared to 450°C) is more favorable for the hydrofluorination 
reaction.
5. Conclusion 
The aim of this work was mainly to assess the feasibility of hydrofluorination with "in situ" HF gas generation 
set-up. Some elements on thermodynamics and kinetics of hydrofluorination reaction were also learnt thanks to 
this study. 
Ten hydrofluorination runs involving twenty six different oxide samples were carried out without any 
technical problem, with no gas leaks and no temperature control problems. The reliability of the 
hydrofluorination set-up through a chemical reaction involving "in situ" HF gas generation was demonstrated. 
This set-up could be implemented in a hot cell. 
Some improvements would need to be carried out in order to increase the capacity of this apparatus and 
facilitate its operability: 
1. Use a multi-zone furnace to facilitate the temperature control 
2. Due to the very low density of the HKF2 powder, the use of a larger boat will be necessary to be able to 
hydrofluorinate a 10g oxide batch. Oxide and HKF2 boats could be switched easily to reach this target. 
Using (HF)2KF as HF generator could also allow an increase in the hydrofluorination capacity. 
3. A larger HKF2 boat will also limit the difficulties in removing the skip by limiting the splashes from our 
HKF2 boat that stuck the skip to the reactor walls. However, it would also be wise to have a suitable 
extractor for the skip. 
4. The reactor should be used in a reverse fashion, placing the HKF2 boat near the flange side to enable easy 
operation in the case of multi run sessions with the addition of new KHF2 reactant without needing to move 
the oxide samples. 
5. The KF trap could be eliminated without causing any inconvenience. 
The thermodynamic assessments have confirmed that while platinum family elements are not fluorinated, 
lanthanides are easily fluorinated, and zirconium fluorination is easier at 335°C than at 450°C. However, the 
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fluorination yield of zirconium oxide seems to be strongly dependent on the reaction kinetics. The specific 
surface of the oxide powder and the duration of the contact with gaseous HF play an important role. Even if the 
above parameters were optimized, the zirconium oxide fluorination might be only partial. At present, when pure 
ZrF4 is needed, F2 is used to obtain a 100% yield
d.
Having only a partial fluorination of ZrO2 is not a serious problem in the case of a high activity experiment 
with objectives limited to studying some steps of the process. On the other hand, obtaining an incomplete 
zirconium fluorination could be an issue for the process flowsheet, so the consequences of this point will have to 
be more closely investigated in the future. 
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